Sex-specific temporal patterns of pituitary growth hormone (GH) secretion determine the sexbiased transcription of hundreds of genes in the liver and impart important sex differences in liver physiology, metabolism, and disease. Sex differences in hepatic gene expression vary widely, ranging from less than twofold to .1000-fold in the mouse. Here, we use small RNA sequencing to discover 24 sex-biased mouse liver microRNAs (miRNAs), and then investigate the roles of two of these miRNAs in GH-regulated liver sex differences. Studies in prepubertal and young adult mice, and in mice in which pituitary hormones are ablated or where sex-specific hepatic GH signaling is dysregulated, demonstrated that the male-biased miR-1948 and the female-biased miR-802 are both regulated by sex-specific pituitary GH secretory patterns, acquire sex specificity at puberty, and are dependent on the GH-activated transcription factor STAT5 for their sex-specific expression. Both miRNAs are within genomic regions characterized by sex-biased chromatin accessibility. miR-1948, an uncharacterized miRNA, has essential features for correct Drosha/Dicer processing, generates a bona fide mature miRNA with strong strand bias for the 5p arm, and is bound by Argonaute in liver tissue, as is miR-802. In vivo studies using inhibitory locked nucleic acid sequences revealed that miR-1948-5p preferentially represses female-biased messenger RNAs (mRNAs) and induces male-biased mRNAs in male liver; conversely, miR-802-5p preferentially represses male-biased mRNAs and increases levels of female-biased mRNAs in female liver. Cytochrome P450 mRNAs were strongly enriched as targets of both miRNAs. Thus, miR-1948-5p and miR-802-5p are functional components of the GH regulatory network that shapes sex-differential gene expression in mouse liver. (Endocrinology 159: 1377(Endocrinology 159: -1392(Endocrinology 159: , 2018 G rowth hormone (GH) has a wide range of physiological effects, including stimulation of longitudinal bone growth, regulation of hepatic drug and steroid metabolism, and induction of insulinlike growth factor-1 (1, 2). In humans and other species, GH is secreted in a rhythmic manner by anterior pituitary somatotrophs under the control of two hypothalamic peptides, GHreleasing hormone and somatostatin, an inhibitory factor (3, 4). The temporal pattern of pituitary GH release is sexually dimorphic (5) and regulates sex differences in liver function, metabolism, and disease (6). In mice and rats, male pituitary GH secretion is characterized by discrete, high-amplitude pulses every 3 to 4 hours with well-defined, GH-free intervals between pulses, whereas, in females, pituitary GH secretion is more frequent and at a lower amplitude, resulting in the persistent presence of GH in circulation (7-9). Hepatic GH signaling and downstream transcriptional responses are particularly sensitive to these sex differences in GH secretion. GH binds to its cell surface receptor and stimulates tyrosine phosphorylation of the transcription factors STAT5a and STAT5b (collectively, STAT5), which translocate to the nucleus and bind STAT5 motifs at thousands of discrete genomic locations and induce transcription of STAT5
G rowth hormone (GH) has a wide range of physiological effects, including stimulation of longitudinal bone growth, regulation of hepatic drug and steroid metabolism, and induction of insulinlike growth factor-1 (1, 2) . In humans and other species, GH is secreted in a rhythmic manner by anterior pituitary somatotrophs under the control of two hypothalamic peptides, GHreleasing hormone and somatostatin, an inhibitory factor (3, 4) . The temporal pattern of pituitary GH release is sexually dimorphic (5) and regulates sex differences in liver function, metabolism, and disease (6) . In mice and rats, male pituitary GH secretion is characterized by discrete, high-amplitude pulses every 3 to 4 hours with well-defined, GH-free intervals between pulses, whereas, in females, pituitary GH secretion is more frequent and at a lower amplitude, resulting in the persistent presence of GH in circulation (7) (8) (9) . Hepatic GH signaling and downstream transcriptional responses are particularly sensitive to these sex differences in GH secretion. GH binds to its cell surface receptor and stimulates tyrosine phosphorylation of the transcription factors STAT5a and STAT5b (collectively, STAT5), which translocate to the nucleus and bind STAT5 motifs at thousands of discrete genomic locations and induce transcription of STAT5 target genes (10) . In male liver, STAT5 is activated, translocates to the nucleus, and binds DNA intermittently in direct response to each plasma GH pulse, whereas in female liver, nuclear STAT5 activity is more persistent (11) (12) (13) . These sex differential patterns of liver STAT5 activation and DNA binding are essential for the sex differential transcription of hundreds of genes, including many cytochromes (Cyps) P450 and other genes active in steroid and drug metabolism (6) . Sex-biased liver gene expression is largely abolished when plasma GH profiles are ablated by hypophysectomy (14, 15) or are feminized when males are infused with GH continuously for several days (16) .
GH regulates sex-biased liver gene expression through the direct stimulatory effects of GH-activated STAT5 (10, 14) as well as indirectly through the actions of downstream GH/STAT5-regulated liver transcription factors, including the transcriptional repressors BCL6 (male-biased) and CUX2 (female-specific) (10, 16, 17) . Many strongly sex-biased genes bind STAT5 and other GH-responsive transcription factors directly, consistent with a direct regulatory mechanism. However, many other sex-biased genes lack nearby binding sites for GHdependent transcription factors and exhibit comparatively small sex differences in expression (twofold or less) (18, 19) , suggesting indirect mechanisms of regulation. Sex-differences of lower than twofold also characterize many sex-biased genes in human liver (20) .
MicroRNAs (miRNAs) often impart modest (lower than twofold) effects on target messenger RNAs (mRNAs) (21) and could conceivably regulate a subset of the moderately sex-biased genes through posttranscriptional mechanisms, conferring robustness to the sex-biased liver transcriptional networks (22) . miRNAs repress translation, in part by targeting mRNAs for degradation based on partial complementary pairing of the miRNA seed region [nucleotides (nts) 2 to 8] to the seed match site in the 3 0 untranslated region (UTR) of the target mRNA (23) (24) (25) . miRNAs are initially transcribed as extended primary transcripts that harbor the miRNA hairpin structure. The primary transcript is sequentially cleaved by the RNase III enzymes Drosha and Dicer to generate a mature ;22 nt miRNA duplex whose guide strand is incorporated into the RNA-induced silencing complex, enabling Argonaute-catalyzed degradation of target mRNAs (26) . miRNAs have widespread effects on gene expression; 60% of human genes are proposed to be regulated by miRNAs (27) . Comparatively few of the miRNAs cataloged in miRBase database (version 21) (28) have been validated experimentally and characterized (29) .
Previous studies used microarrays to identify several sexbiased, developmentally regulated rat liver miRNAs (30, 31) . However, the mechanisms regulating the sex-biased expression of these miRNAs were not identified and their functional roles, if any, were not determined. Computational studies and luciferase reporter assays were used to predict miRNA regulators of Cyp2b9, a female-specific testosterone 16a-hydroxylase in mouse liver (32) ; however, the functional roles of the miRNAs identified could only be inferred on the basis of weak inverse correlation data, and their role in regulating other sex-biased mouse liver mRNAs was not investigated. Here, we use small RNA sequencing (RNA-seq) to discover the global repertoire of sex-biased miRNAs in mouse liver. Further, we characterize the role of pituitary GH secretory patterns and STAT5 signaling in regulating two miRNAs that exhibit robust sex-biased expression. Finally, we use inhibitory locked nucleic acids (LNAs) (33) in mouse liver to test the hypothesis that these sex-biased miRNAs regulate a subset of genes that show a sex bias in expression, through posttranscriptional mechanisms.
Materials and Methods

Experimental animals
All animal procedures were conducted in accord with accepted standards of humane animal care under protocols approved by the Boston University Institutional Animal Care and Use Committee. Livers were collected from young adult (7 to 9 weeks) male and female CD1 mice [Crl:CD1(ICR) strain, Charles River Laboratories; IMSR catalog no. CRL:22, Research Resource Identifier (RRID): IMSR_CRL:22] that were untreated or were treated as described later. In some cases, mice were hypophysectomized or were sham-operated on at 8 weeks of age and euthanized ;3 weeks later (n = 4 biological replicates per group) (15) . Other livers were collected from male and female CD1 mice euthanized at 3, 4, and 8 weeks of age (postnatal developmental series, n = 4 livers per group), as described previously (34) . Continuous GH infusion in 8-to 10-week-old male CD1 mice (35) was achieved using ALZET osmotic pumps (7-day pump, model 1007D; Durect Corp., Cupertino, CA) filled with recombinant rat GH dissolved in 30 mM NaHCO 3 (pH 8.3) buffer containing 0.15 M NaCl and 100 mg/mL rat albumin. Pumps were implanted subcutaneously into n = 5 male mice and GH was infused at a rate of 20 ng/g body weight per hour for 7 days. Livers were snap frozen in liquid nitrogen and stored at 280°C until use.
Livers from 8-to 12-week-old male and female hepatocytespecific STAT5a/STAT5b-knockout (KO) mice and floxed controls were obtained from Dr. Lothar Hennighausen (National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health) (n = 6 mice per sex and genotype). Mice were generated by mating mice having a floxed Stat5a-Stat5b locus with mice harboring a Cre recombinase transgene regulated by the Albumin promoter (36) . Livers from somatostatin-KO mice and wild-type controls (n = 5 to 6 males and n = 3 to 5 females per genotype) were a gift of Dr. Rhonda D. Kineman (University of Illinois at Chicago) (37) .
Quantitative polymerase chain reaction measurements of miRNA Total RNA was extracted from individual livers and reverse transcribed using Qiagen miScript II RT kit (Qiagen catalog no. 218160) and 53 miScript HiSpec buffer to selectively reverse transcribe mature miRNA species. Quantitative polymerase chain reaction (qPCR) was performed using ABI SYBR Green reagents. PCR primers were purchased from Qiagen miScript Primer Assay for Hs_RNU6B (MS00029204), mmu-miR122a_1 (MS00001526), mmu-mir-802-1 (MS00003101), and mmu-mir-1948-1 (MS00017143). qPCR threshold cycle values were normalized based on the content of a nuclear small RNA housekeeping gene RNU6B (Hs_RNU6B_2), which is conserved in human, mouse, and rat. Statistical significance was determined by Student t test. qPCR was performed for mouse miR-1948-3p rather than the more abundant miR-1948-5p (see the following section) because the sequence of the mature miR-1948-5p exhibited low CG content, which precluded optimal primer design and did not give reliable results or PCR products with symmetric, single-product melting curves.
Mapping miRNAs to DHS
Mouse miRNAs were mapped to the set of ;72,000 mouse liver DNase hypersensitive sites (DHSs) defined previously (38) , using bedtools (39) to identify all DHS within 5 kb of an miRNA. Supplemental Table 1 lists all miRNA-proximal DHS whose chromatin accessibility was previously shown to be significantly greater in male than female liver or vice versa (sexbiased DHS).
Small RNA sequencing and data analysis
Total RNA was extracted from 8-week-old CD1 strain mouse livers using TRIzol (n = 6 males, n = 6 females). Small RNA-seq libraries were created using NEBNext small RNA kit (New England Biolabs) per the manufacturer's instructions, and sequenced on an Illumina HiSeq instrument to give single-end 50-bp sequences. Raw sequence reads were trimmed by TrimGalore! (version 0.4.3) to remove adapter sequences; the trimmed reads were then mapped to the mouse mm9 genome using Bowtie2 with default parameters, allowing for mapping of multimapped sequence reads to ensure that mature miRNA sequence reads arising from miRNAs found at two or more genomic locations (e.g., mmu-mir-3084-1, mmu-mir-3084-2) are included in the counting and differential expression analysis. Coordinates of mature mouse miRNAs were downloaded from MiRBase, version 21 (28) , and the bedtools intersect command was used to determine the number of reads at each mature miRNA locus (bedtools intersect parameters: -c -f 0.8 -r). Differential expression analysis was implemented using EdgeR (40) to obtain a list of sex differential miRNAs, with differential expression defined by cutoff values of sex difference .1.8-fold, false discovery rate (FDR) ,5E-2, and log 2 counts per million (CPM) . 1 (Supplemental Table 2 ). To analyze 5 0 -processing heterogeneity, we used custom Python scripts to extract from Bam files all sequence reads falling within the primary sequence of each miRNA of interest and then analyze their sequences. RNA secondary structure analysis and visualization was carried out using RNAfold (41) .
Argonaute pull-down
One day before the Argonaute pull-down experiment, Protein A beads (200 mL; Thermo Fisher Scientific 10001D) were mixed with 50 mL of rabbit antimouse bridging immunoglobulin G (IgG; Millipore; catalog no. 06-371; RRID: AB_390146) in 200 mL 13 BWB buffer [13 phosphatebuffered saline (PBS), 0.02% volume-to-volume ratio Tween-20], then rotated for 30 minutes at room temperature and washed three times with 1 mL of 13 BWB buffer. The washed beads were then bound to 2 mg of Ago2A8 Millipore MABE56 antibody (Millipore; catalog no. MABE56; RRID: AB_10807962) in 200 mL of 13 BWB buffer overnight at 4°C with gentle agitation, and washed three times with 13 PXL buffer (see later) before use. Whole frozen liver from 8-weekold untreated male CD1 mice was pulverized to a fine powder with a mortar and pestle on dry ice. The resultant liver powder (#200 mg liver powder spread thinly on petri dish placed on dry ice) was crosslinked by ultraviolet irradiation using a ultraviolet Stratalinker 2400 instrument (Stratagene, Inc.), first with 400 mJ/cm 2 , and then with 200 mJ/cm 2 . The crosslinked liver powder (;200 mg) was homogenized on ice in 1 mL of 13 PXL buffer supplemented with 2 mM 2-mercaptoethanol [where 53 PXL buffer = 53 PBS, 1% (volume-to-volume ratio) Ipegal, 0.5% (weight-to-volume ratio) sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)] in a Dounce homogenizer. Thirty units of DNase (Promega; catalog no. M6101) were added followed by incubation at 37°C for 5 minutes with gentle mixing. The lysate was centrifuged at 18,000 relative centrifugal force for 20 minutes at 4°C, the supernatant was recovered, and a 100 mL aliquot was flash frozen and saved as the input sample. The supernatant (;800 mL) was then added to Protein A beads preloaded with antibody to Argonaute (Ago2A8) and rotated end over end for 2 hours at 4°C. The beads were then washed three times with 1 mL of 13 PXL buffer, twice with 1 mL high-salt buffer (13 PBS, 1 M NaCl, 1% Ipegal, 0.5% sodium deoxycholate, 0.1% SDS) (Santa Cruz Biotechnology, Santa Cruz, CA), twice with 1 mL of high-stringency buffer (1 mM Tris-HCl pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% Ipegal, 1% sodium deoxycholate, 0.1% SDS, 120 mM NaCl, 25 mM KCl), and once with 1 mL of low-salt wash buffer (15 mM Tris pH 7.5, 5 mM EDTA). The washed beads were suspended in 250 mL of proteinase K buffer (300 mM NaCl, 200 mM Tris pH 7.5, 25 mM EDTA, 2% SDS) containing 100 mg of proteinase K (Bioline; catalog no. 37084) and incubated at 65°C for 15 minutes with gentle agitation. Trizol LS was added directly to the proteinase K-digested beads to extract RNA. qPCR was performed on complementary DNA prepared from the input RNA, and from the immunoprecipitation (IP) and IgG control RNA, to determine the enrichment of each miRNA of interest.
Ectopic expression of primary miR-1948 sequence HEK293 cells were cultured to 80% confluence in 12 well plates and infected with 4 to 7 3 10 6 infectious units of adenovirus harboring a cytomegalovirus-driven GFP reporter fused with ;400 nt sequence flanking the miR-1948 hairpin structure, or with GFP as control only. These adenoviral constructs were designed and expressed in adenovirus serotype 5 by Applied Biological Materials (British Columbia, Canada; control adenovirus, catalog no. m009; and custom-designed Adenommu-miR-1948). Adenovirus seed stocks were propagated in HEK293A cells and titered using plaque assays and standard protocols (42) . Cells were infected with Adenovirus for 48 to 55 hours to induce a cytopathic effect and strong GFP fluorescence. Total RNA was then extracted and used for small RNA-seq library preparation.
In vivo inhibition of miR-1948 and miR-802
To inhibit miR-1948-5p and miR-802-5p function in mouse liver in vivo, LNA sequences complementary to each miRNA, and a negative control LNA, were purchased from Exiqon, Inc. and injected into 9-week-old male and female CD1 mice (LNAs: anti-mmu-miR-1948-5p, GGCAGAA-TACTCATA; anti-mmu-miR-802-5p, GAATCTTTGTTA-CTG; negative control, ACGTCTATACGCCCA). A pilot experiment showed that these LNAs did not induce liver toxicity, as determined by monitoring mouse behavior, body weight, and serum alanine transaminase activity 6 days after treatment of male mice with LNA miR-1948-5p and female mice with LNA miR-802-5p. Alanine transaminase was measured using a colorimetric activity assay kit (Cayman Chemical, catalog no. 700260; normal serum activity range, 8 to 40 U/L). In a follow up, large-scale study, mice were given two subcutaneous injections of LNA dissolved in 13 PBS at 25 mg LNA/kg mouse body weight on day 0, followed by repeat LNA injection on day 1. Injections were carried out between 10 AM and noon. Mice were euthanized on day 3 or 6, resulting in a total of 3 or 6 days of exposure to each LNA. Male mice were injected with LNA-miR-1948-5p; female mice were injected with LNA-miR-802-5p. Both male and female mice were injected with LNA-negative control, for both the 3-and the 6-day time points. Mice were euthanized by cervical dislocation between 10 AM and noon, and livers were harvested for RNA extraction and RNA-seq analysis. For each sex and at each time point, n = 5 mice received miRNA inhibitory LNA sequence (LNA-antimiR), and n = 3 mice received the negative control LNA (LNA-negative). All 32 liver RNA samples were analyzed by RNA-seq, RNA-seq of LNA antimiR-treated liver RNA Paired-end (50 bp) RNA-seq raw FASTQ files were mapped by TopHap (43) to the mouse mm9 genome using default parameters. FeatureCounts (44) was used to quantify the reads within gene bodies of RefSeq genes; EdgeR (40) was used to identify differentially expressed genes. Sex-biased genes were defined by differential expression analysis from the following comparison: [male mouse liver treated with LNA-negative for 3 or for 6 days, n = 6] / [female mouse liver treated with LNAnegative for 3 or for 6 days, n = 6], using a cutoff for significance of |fold-change| .1.5 at FDR ,0.05, and a signal intensity .0.25 fragments per read per kilobase (FPKM) in either LNA-negative male or LNA-negative female mouse liver. A total of 990 sex-biased genes (356 male-biased, 634 femalebiased) and 11,132 sex-independent genes met these FPKM thresholds (Supplemental Table 3A) . LNA-responsive genes were identified from the following comparisons at each time point: [LNA-antimiR, n = 5] / [LNA-negative, n = 3], with a significance cutoff of |fold-change| . 1.5, P value (unadjusted) , 0.05, with an FPKM . 0.25 filter for expression level in either LNA-negative male or LNA-negative female mouse liver, as above. The male-female RNA-seq comparisons for LNA-negative treated mice (above) were used to designate individual LNA-responsive mRNAs with regard to their sexbias, as follows: 1) male-biased and female-biased, |fold-change| . 1.5 at FDR,0.05; 2) weakly male-biased and weakly female-biased, P value (unadjusted) , 0.1; 3) and stringent sex-independent, p-value (unadjusted) $ 0.1. Genes whose mRNAs were responsive to each LNA are listed in Supplemental Table 3B-3E.
Enrichment scores and TargetScan predictions
The enrichment of LNA-responsive genes in sex-biased genes was calculated as follows: enrichment score (ES) = [number of sex-biased LNA-responsive genes / number of sex-independent LNA-responsive genes] / [number of sex-biased liver-expressed genes / number of sex-independent liver-expressed genes], where sex-independent genes include weakly sex-biased genes and liver expressed is defined by FPKM .0.25. Significance was assessed by x 2 test with Yates correction, implemented in GraphPad Prism. miRNA target gene predictions were carried out using TargetScan Mouse Version 7.1 (www.targetscan.org/) (45) . The top 300 predicted targets of each miRNA, ranked by TargetScan's cumulative weighted context score, were used in our analysis.
Gene Expression Omnibus accession numbers
Raw sequencing data and processed files are available under the following accession numbers: small RNA-seq of male and female mouse liver (GSE103879); RNA-seq expression analysis of mouse liver treated with LNAs that inhibit miR-802-5p and miR-1948-5p (GSE103880); and small RNA-seq of human HEK293 cells overexpressing mmu-miR-1948 primary sequence (GSE103881).
Results
Sex-biased liver expression of miR-1948 and miR-802
Initially, we searched for sex-specific mouse liver miRNAs by screening MiRBase (version 21) to identify mouse miRNA loci located within 5 kb of any of the 4179 mouse genomic regions that show substantial sex differences in chromatin accessibility in mouse liver, as determined in DHS assays (38) . These sex-differential DHS are enriched for key regulatory regions and transcription factor binding sites controlling sex-biased liver gene expression (38, 46) . Several miRNAs located in genomic regions with multiple sex-differential DHS regions were identified, most strikingly miR-1948, which is flanked by 13 male-biased DHS and is found in an intron of the male-biased gene Ttc39c, and miR-802, which overlaps a prominent female-biased DHS and is near two other female-biased DHS ( Fig. 1A ; Table 1 ).
The strong sex-specific chromatin environment surrounding miR-1948 and miR-802 suggests these miRNAs are expressed in a sex-dependent manner. Indeed, qPCR analysis showed that miR-1948 is expressed at a ;sevenfold higher level in young adult (8 week) male compared with female liver, and that miR-802 showed ;threefold higher expression female liver (Fig. 1B) . No sex difference was seen for miR-122 (47), the most abundant liver miRNA (33% of all 2044 mouse miRNAs examined; Supplemental Table 2 ). Each miRNA locus produces two mature miRNAs, designated 5p and 3p, which come from the 5 0 strand and the 3 0 strand of the miRNA precursor, respectively (48) . For qPCR, we used primers targeting the mature transcripts of miR-1948-3p and miR-802-5p, which represent the more biologically active guide strand, according to miRBase annotation (28) , and generated symmetrical, single-product melting curves in our qPCR analysis.
Regulation of miR-1948 and miR-802 by GH and STAT5
Next, we examined the expression of miR-1948-3p and miR-802-5p during postnatal liver development. These analyses revealed that the sex differences in miR-1948 and miR-802 expression emerge around puberty (;4 weeks of age), at which time miR-1948 was induced and miR-802 was suppressed in male liver. In contrast, neither miRNA showed a substantial change in expression in female liver over this period (Fig. 1C) . This pattern of a change in gene expression at puberty in male but not female liver characterizes many sex-biased protein coding genes (34) . miR-122 did not show any sex-dependent changes in expression over this period.
To determine whether pituitary hormones regulate the expression of miR-1948 or miR-802, we measured the levels of each miRNA in livers of hypophysectomized mice. Hypophysectomy (i.e., surgical removal of the pituitary gland) ablates circulating GH and essentially all other pituitary-derived hormones and results in a near-global loss of liver sex differences (15) . Following hypophysectomy of male mice, liver miR-1948 levels decreased and miR-802 levels increased, indicating that DHS peak regions are shown as horizontal blocks in dark blue (male-biased DHS), pink (female-biased DHS), and gray (sex-independent DHS) based on Ling et al. (38) . (B) Sex-biased expression of miR-1948 and miR-802, compared with the sex-independent expression of the abundant liver miR-122, as determined by qPCR analysis of male and female mouse liver RNA (mean 6 SE, n = 5 livers per sex). The sex with the lower expression was set to a y-axis value of 1 for each miRNA. Significance between sexes was determined by Student t test: *P , 0.05; **P , 0.005. (C) Developmental profile for the expression of miR-1948, miR-802, and miR-122 in livers of male and female mice at 3, 4, and 8 weeks of age (mean 6 SE, n = 4 livers per group). The lowest expression sample group in each time point was set to 1. Sex-differential expression is first seen after puberty (8 weeks of age), when miR-1948 is upregulated and miR-802 is downregulated in male liver. Significance comparing male with female in each age group was determined by Student t test: *P , 0.05; **P , 0.005. F, female; M, male; SE, standard error. Fig. 2A) . In contrast, hypophysectomy of female mice had no impact on the expression of either miRNA. Further, we examined livers from somatostatin-KO mice (37, 49) to characterize the dependence of miR-1948 and miR-802 on the sex-specific pattern of pituitary GH secretion. Somatostatin, a hypothalamic peptide hormone, antagonizes GH-releasing hormone-stimulated pituitary GH release, thereby ensuring that each pulse of pituitary GH release is followed by a GH-free interval. Loss of somatostatin leads to a persistently elevated basal GH level and, consequently, feminization of male mouse liver (49) . In the absence of somatostatin, male liver expression of miR-1948 was downregulated to the lower, female liver level, and miR-802 expression was upregulated to female liver levels (Fig. 2B) . miR-122 levels were unaffected by hypophysectomy or by somatostatin deficiency. STAT5 is a GH-activated transcription factor and major regulator of a substantial fraction of sex-biased genes in mouse liver. Sex differential gene expression is largely abolished in mice with a hepatocyte-specific deletion of the STAT5a/STAT5b locus (STAT5-KO) (19, 35, 36) . To test whether miR-1948 and miR-802 are dependent on STAT5, we measured their expression in STAT5-KO male mouse liver (36) . We observed downregulation of miR-1948 and upregulation of miR-802, but no change in miR-122 (Fig. 2C) . No changes in expression were seen in STAT5-KO female liver. Thus, pituitary hormones, a pulsatile plasma GH pattern, and the GH pulse-activated STAT5 are required in male but not female mouse liver for the sex-biased expression of miR-1948 and miR-802. These responses are consistent with miR-1948 being a class I male-biased gene (14, 15) (i.e., one that is positively regulated in male liver by male plasma GH pulse-activated STAT5) and that miR-802 is class II female-biased gene (14, 15) (i.e., one that is negatively regulated in male liver by male plasma GH pulse-activated STAT5).
Finally, we examined miR-1948 and miR-802 expression in livers of continuous GH-infused male mice, in which exogenous GH infusion using an ALZET osmotic minipump overrides the normal male plasma GH pulses and leads to downregulation of a large fraction of malebiased genes and upregulation of female-biased genes (16, 35) . Consistent with these responses, miR-1948 expression was decreased and miR-802 expression was induced in male liver following GH infusion, confirming that both miRNAs are dependent on the temporal pattern of plasma GH (Fig. 2D) . Together, these studies establish that the sex-dependent expression of miR-1948 and miR-802 is primarily regulated in male liver, where it is dependent on the male profile of plasma GH pulse-activated STAT5, which onsets at puberty (11).
Sex-biased liver miRNAs identified by small RNA-seq
We performed small RNA-seq analysis of 8-week-old male and female mouse liver to identify the global repertoire of sex-biased liver miRNAs. The small RNA-seq dataset was strongly enriched for miRNAs among other noncoding RNA types, with the read length distribution profile peaking at a length of 23 nt (Fig. 3) . Approximately 34% of small RNA-seq reads did not map to annotated RNA sequences, but overlapped proteincoding RefSeq genes; these sequence reads likely include unannotated miRNAs and mRNA degradation intermediates. Differential expression analysis identified 24 unique miRNAs derived from 19 miRNA loci that showed significant sex-differential expression (fold difference .1.8, FDR ,5E-2, log 2 CPM .1), including (Table 2) . miR-21a, which is a highly conserved oncogenic miRNA whose expression is elevated in a variety of cancers (50) . The elevated expression of miR-21a in male liver could contribute to the greater predisposition of males to hepatocellular carcinoma (51) . These analyses also confirmed the female-biased expression of miR-802-5p, whose overexpression has been implicated in obesityassociated glucose deregulation (52) . In addition to miR-1948 and miR-802, two other sex-biased miRNAs identified (miR21a, miR-455) were nearby corresponding sex-biased DHS (Table 1) . Thus, all four sex-biased miRNAs are within genomic regions with sex-biased chromatin accessibility.
Characterization of miR-1948
The majority of cataloged miRNAs lack functional validation; therefore, it is unclear whether they represent functional genes or fortuitously acquired hairpin RNA structures. Most functional studies have focused on broadly conserved miRNA families, such as that of miR-802-5p, whose expression and functional role has been confirmed in several studies (52, 53) . It is often assumed that poorly conserved miRNAs, such as miR-1948 (Fig. 4A) , which TargetScan lists as a random, misannotated miRNA, are likely to be nonfunctional (29) . To determine if miR-1948 is a bona fide miRNA, we characterized miR-1948 with regard to the following six characteristics: abundance, pairing characteristics of the predicted hairpin, presence of corresponding miRNA* species, 5 0 heterogeneity, association with Argonaute proteins, and correct processing to mature miRNA following ectopic expression.
Mouse miR-1948 is within an intron of the male-biased protein coding gene Ttc39c. Based on the University of California Santa Cruz browser whole genome alignment (54), the primary sequence of miR-1948 is limited to the mouse lineage, suggesting its relatively recent evolutionary emergence. Supporting the proposal Figure 2 . Regulation of liver miR-1948 and miR-802 expression by GH and STAT5. Expression levels of each miRNA were measured by qPCR in four mouse models where the GH-STAT5 axis is perturbed: (A) hypophysectomy, (B) somatostatin-KO, (C) hepatocytespecific STAT5-KO, and (D) continuous GH infusion for 7 days. Groups of male and female livers are marked C to indicate intact or wild-type mice (control group) or T to indicate hypophysectomized or KO livers (treatment group). Data shown are mean 6 SE values, with the numbers of livers per group specified in the Materials and Methods section. The lowest expressed group in each analysis was set to 1. Significance between groups: *P , 0.05; **P , 0.005; ***P , 0.001. contin, continuous; Fem, female; M+GH, male mice given 7-day GH infusion; ns, not significant; SE, standard error.
that miR-1948 is functional is its comparatively high expression (Fig. 4B) . Secondary structure prediction by RNAfold (55) for the precursor sequence of miR-1948 indicated a robust hairpin structure (Fig. 4C) . Further, our small RNA-seq results showed overwhelming discrimination in arm usage, with the expression of 5p arm miRNA being 53-fold higher than the 3p arm miRNA (Fig. 4C) . This finding contradicts the annotation in , based on qPCR analysis (mean 6 SE, n = 3 biological replicates). Student t test was used to assess the significance of difference between IP and control (*P , 0.05, **P , 0.01; ***P , 0.005). (E) Human HEK293 cells, which do not express the mouse-specific miR-1948 sequence, were infected with adenovirus carrying a cytomegalovirus-driven expression cassette for the primary miR-1948 sequence plus ;400-bp sequence flanking the hairpin sequence. Shown is the normalized number of small RNA-seq reads miRBase (28) that miR-1948-3p is the predominant form.
Examination of the 5 0 sequence heterogeneity of miR-1948 revealed three tandem cleavage positions for miR-1948-5p and two for miR-1948-3p. Thus, five mature miRNA isoforms are generated from the miR-1948 locus in mouse liver, with miR-1948-5p contributing most to the heterogeneity (Fig. 4C) . Because the 5 0 start position of a miRNA determines its seed sequence at nt positions 2 through 7, there is selective pressure for the majority of conserved miRNAs to enforce precise cleavage of the 5 0 terminus to prevent the formation of miRNAs with offtarget seed sequences (23) . However, miRNAs with multiple functional forms can be generated by using both arms of the hairpin and/or by 5 0 processing heterogeneity (56, 57); miR-1948 may be such a case.
To validate the authenticity of miR-1948, we examined its association with the Argonaute complex (58) by performing Argonaute RNA immunoprecipitation and found that mature miR-1948 and miR-802 are significantly associated with Argonaute (Fig. 4D ). This finding suggests that both miRNAs are functional. Next, we used adenovirus to ectopically express in human HEK293 cells the primary sequence of miR-1948 together with ;400 nt sequence flanking the miRNA hairpin. Small RNA-seq analysis of the adeno-miR-1948-infected cells resulted in high levels of the mature 22 nt miR-1948-5p and very low levels of miR-1948-3p (Fig. 4E) , consistent with the strong preference of 5p arm usage seen in mouse liver (Fig. 4C) . No miR-1948 sequences were detected in HEK293 cells infected with adenoviral-GFP (negative control), consistent with the mouse (and rat) lineagespecific nature of miR-1948 (Fig. 4A) . Thus, miR-1948 and its flanking sequences contain the correct features for Drosha/Dicer processing into the mature miRNA.
Assessment of sex-biased miRNA function using LNA antimiRs
We initially investigated the potential targets of miR-1948-5p and miR-802-5p using TargetScan (45), a computational tool that predicts miRNA-gene interactions by combination of conservation and sequence match between the miRNA seed sequence and an mRNA target's 3 0 UTR sequence (59) . Gene targets predicted by TargetScan for each miRNA showed no enrichment for liver sex-biased genes (P . 0.1, Fisher exact test). Although miRNA target prediction tools, such as TargetScan, are useful for identifying mRNAs with specific canonical seed sequences in the 3 0 UTR, they exhibit high false-positive rates and do not capture the complexity of miRNA targeting in vivo (60, 61) . As such, we investigated the impact of inhibition of miR-1948-5p and miR-802-5p in vivo using LNA sequences. LNAs are modified RNAs with a phosphorothioate backbone that are nuclease resistant, form highly stable heteroduplexes with their target miRNAs, and are well tolerated in vivo with minimal toxicity (62) (63) (64) . When injected systemically, LNAs preferentially accumulate in clearance organs, specifically liver and kidneys, where they bind their target mature miRNA and inhibit miRNA-Argonaute interactions (65) .
We delivered LNAs antisense to miR-1948-5p and miR-802-5p to livers of male and female mice, respectively (i.e., to the sex where each miRNA is more highly expressed). We then used RNA-seq to identify mRNAs whose expression is specifically dysregulated by each LNA after 3 and 6 days of LNA exposure (Fig. 5A) . LNAs with random sequences not found in the mouse lineage were used as negative controls. We found that the mRNAs responsive to each LNA antimiR were significantly enriched for sex-biased genes, which comprised 40% (126/317) of LNA-miR-802 responsive genes and 55% (131/239) of LNA-miR-1948 responsive genes compared with 8.2% of all liver-expressed genes (LNAmiR-802, ES = 7.4, P , 0.0001; LNA-miR-1948, ES = 13.6, P , 0.0001). However, the sets of LNA-responsive genes shared little overlap with the targets of each miRNA predicted by TargetScan (Fig. 5B) . Further, we observed a striking, statistically significant difference in the distribution of male-vs female-biased mRNAs dysregulated by each LNA (Fig. 5C and 5D) . Thus, at the 3-day time point, LNA-miR-1948 upregulated (derepressed) 96 female-but only 4 male-biased mRNAs in male liver. Further, LNA-miR-1948 treatment led to downregulation of 27 male-but only 4 female-biased mRNAs. The opposite pattern was seen in LNA-miR-802-treated female liver: LNA-miR-802 upregulated (derepressed) 35 male-compared with only 4 female-biased mRNAs, and it downregulated 85 female-but only 2 male-biased mRNAs. These same patterns were seen for mRNAs that showed a weak sex bias (Fig. 5C) . The strong enrichment of sexbiased genes among the targets of LNA-miR-1948 and LNA-miR-802 supports our hypothesis that these two miRNAs, by virtue of their sex-differential expression, contribute to the sex-biased expression of many liverexpressed mRNAs: the female-biased miR-802 represses male-biased mRNAs while upregulating other femalebiased mRNAs in female liver; and the male-biased miR-1948 represses female-biased mRNAs while upregulating other male-biased mRNAs in male liver (Fig. 5D) . Many of the LNA-responsive sex-biased genes showed a moderate sex-bias (less than twofold to threefold), and many of these genes showed expression changes of ;twofold following LNA treatment (Supplemental Tables 3B and 3C ).
Target genes of miR-1948 and miR-802
Examination of the full set of 239 miR-1948 target RNAs identified by LNA-miR-1948-5p (Supplemental were injected into female and male mice, respectively. LNA with a random sequence (LNA-negative) was used as control. The injected mice were euthanized 3 or 6 days after the first LNA injection on day 0, and liver RNA was analyzed by RNA-seq. (B) Venn diagrams showing the overlap of the mRNAs responsive to each LNA antimiR (239 LNA-miR-1948-responsive RNAs and 317 LNA-miR-802-responsive RNAs) (green) with the following two gene sets: the full set of 990 liver sex-biased genes (red) (Supplemental Table 3A) , and the top 300 TargetScan-predicted targets of each miRNA (yellow). The LNA-responsive mRNAs were significantly enriched for sex-biased mRNAs, as indicated. (C) Table showing the numbers of sex-biased mRNAs, including weakly sex-biased mRNAs (see Materials and Methods) that were significantly upregulated or downregulated by each LNA antimiR at the indicated time point. Supplemental Table 3A shows the full lists of LNA-responsive mRNAs and their sex bias. (D) Stacked bar graphs of the data in panel C showing the strikingly distinct distributions of male-vs female-biased mRNAs that were upregulated vs downregulated by each LNA. Weakly sex-biased mRNAs responsive to each LNA were included, as shown. The sex bias of the upregulated vs downregulated mRNAs was significant at P , 0.001 (Fisher exact test). The sex bias of the distribution was also significant for LNA-miR-802-5p at day 3 (P = 0.0014), but not for LNA miR-1948-5p at day 6 (P = 0.21) (not shown). Table 3B ) revealed the presence of 20 Cyps P450, including 12 female-biased Cyps whose RNA was induced (i.e., derepressed) in the LNA-treated male liver. Further, the set of 317 miR-802-5p targets (Supplemental Table 3C ) included 14 Cyps, of which 8 were femalebiased RNAs repressed by LNA treatment. Interestingly, three of the female-biased Cyp RNAs were targeted by both miRNAs, but in opposite directions. Thus, RNAs for Cyp2a4, Cyp17a1, and Cyp3a41a were downregulated by miR-1948 in male liver and were induced by miR-802 in female liver, as judged by their responses to each LNA antimiR. Consistent with these findings, DAVID Functional Annotation Clustering identified Cyp P450 monooxygenase/endoplasmic reticulum as the strongest enriched cluster for both miRNA target gene sets (ES = 10.2 for miR-1948; ES = 7.0 for miR-802) (Supplemental Table 4 ). Immunity was the second strongest functional annotation cluster for the set of miR-1948 targets (28 genes, ES = 7.0) and included many interferon and other innate immune response genes. miRNA sequences were also targets of both sex-biased miRNAs (9 miRNAs were targets of miR-1948; 22 miRNAs were targets of miR-802) (Supplemental Table 3 ). This suggests that miR-1948 and miR-802 both belong to larger miRNA regulatory networks.
Discussion
We used small RNA-seq to identify 24 miRNAs that show sex-biased expression in mouse liver, and for two of these miRNAs, miR-1948 and miR-802, we investigated their hormonal regulation and their functional roles in young adult mouse liver. Our findings show that the male pattern of plasma GH pulse-stimulated liver STAT5 activity is essential for the sex-biased expression of both miR-1948 and miR-802, which are respectively activated and repressed in a GH/STAT5-dependent manner in male mouse liver. Further, LNA antimiR experiments demonstrated that miR-1948-5p and miR-802-5p, the major products of each miRNA locus, are each functional in regulating .100 downstream sex-biased mRNAs.
We initially identified miR-802 and miR-1948 as miRNAs of interest based on the sex-biased chromatin accessibility of the genomic regions harboring each miRNA gene, as determined by DNase hypersensitivity analysis (38) . This analysis was based on the rationale that the presence of sex-biased open chromatin sites nearby a miRNA gene is likely to indicate sex-dependent regulation in cis by transcription factor(s) that bind at open chromatin and activate the miRNA promoter or a nearby enhancer in a sex-biased manner (46) . miR-802 and miR-1948 were both confirmed by qPCR and by small RNA-seq to show significant sex bias in expression in the liver. Two other miRNA genes nearby sex-biased open chromatin, miR-21a and miR-455, were also confirmed to show sex-biased expression by RNA-seq. Analysis of liver miR-802 and miR-1948 levels in mouse models with alterations in GH signaling showed that the expression of both miRNAs in male liver is regulated by sex-dependent plasma GH stimulation and by the GH pulse-activated transcription factor STAT5. Thus, perturbation of the GH-stimulated liver STAT5 signaling axis by ablation of pituitary GH secretion (hypophysectomy) (15) , by genetic deletion of STAT5a and STAT5b (STAT5-KO) (36) , or by elimination of the GHfree periods between GH pulses [continuous GH infusion (16) ; and somatostatin-KO mice (49) ] all led to downregulation of miR-1948 and derepression of miR-802 in male liver, but had no effect in female liver. These responses to treatments that alter hepatic GH signaling in male but not female liver are consistent with those seen for many but not all sex-biased mouse liver mRNAs (6) .
We used several approaches to validate the authenticity of miR-1948 to rule out the possibility that it represents a spurious hairpin RNA, given its intronic origin, its low conservation in species other than rat, and the lack of prior characterization. Small RNA-seq analysis established that miR-1948-5p is .50-fold more abundant than its 3p arm counterpart, miR-1948-3p, indicating that the miRBase annotation that miR-1948-3p is the major form is incorrect for mouse liver. Small RNA-seq analysis of HEK293 cells overexpressing the miR-1948 hairpin together with ;400 bp flanking sequence showed the same, highly asymmetrical processing of miR-1948, confirming the strong 5p arm bias seen in mouse liver. Specific interaction with mouse liver Argonaute was demonstrated for miR-1948 and for the conserved and better characterized miR-802 (52, 53) , supporting the functionality of both miRNAs in mouse liver. These analyses illustrate the importance of directly validating a miRNA in a given experimental system, especially when the miRNA is not widely conserved. It is often presumed that such nonconserved miRNAs are nonfunctional. Our findings with miR-1948 challenge this idea, based on computational, biochemical, and functional analyses showing that miR-1948, although not conserved beyond the rat (Fig. 4A) , does, in fact, play a functional role in regulating liver mRNA levels. Conceivably, human-specific miRNAs could play a functional role in human liver equivalent to that of miR-1948 in mouse liver.
GH regulates the liver transcriptome by both direct and indirect mechanisms. Sex-biased, GH-regulated genes with regulatory potential are candidate mediators of the indirect effects of GH on downstream sexbiased genes, and efforts to identify such indirect-acting factors have led to the discovery of GH/STAT5 target genes, including the sex-biased transcriptional repressors BCL6 (10, 46, 66) and CUX2 (17, 67) . Our functional inhibition studies using LNAs complementary to miR-1948 and miR-802 identify these two GH-regulated miRNAs as sex-biased repressive factors that mediate a portion of the indirect effects of GH on downstream sexbiased mRNAs. Further, some of the effects of these miRNAs are likely to be indirect, as we observed both upregulation and downregulation of sex-biased RNAs when using LNAs to specifically inhibit each miRNA.
The question of miRNA function has been easy to answer for some miRNAs, such as miR-1 and miR-124 (68), which downregulate many target genes, and difficult for others, for which miRNA perturbation studies show no gross phenotypes or molecular effects (69, 70) . This may reflect the built-in redundancy of complex miRNA networks, where each mRNA is regulated by multiple miRNAs (27) , such that deletion or inhibition of one miRNA is compensated by the remaining miRNAs (71) . Phenotypes associated with some miRNAs only become apparent when stress is applied to a biological system, when the ability of the system to maintain homeostasis is compromised (72). Thus, miRNAs may buffer the cell from transcriptional fluctuations, sharpen cell transitions, and generally confer robustness to biological systems (22, 73) . Therefore, although functional inhibition of a sex-biased miRNA might induce clear-cut reciprocal effects on sex-biased target mRNAs, it could alternatively result in modest and perhaps variable changes in target mRNA levels for miRNAs that belong to a redundant miRNA network or play a subtle role in buffering transcriptional changes. To establish the functionality of miR-1948-5p and miR-802-5p, we used LNA-based antisense miRNA sequences to inhibit each sex-biased mRNA in vivo. We found that the set of mRNAs dysregulated by LNA targeting each sex-biased miRNA was significantly enriched for sex-biased mRNAs, and further, the sex-biased mRNAs responsive to each LNA showed a highly sex-biased distribution. Thus, in male liver, LNA-miR-1948-5p treatment upregulated (derepressed) female-biased mRNAs and downregulated male-biased mRNAs, whereas in female liver, LNA-miR-802-5p treatment upregulated male-biased mRNAs and downregulated female-biased mRNAs. It is uncertain why the sex-biased effects of LNA-miR-1948-5p were only apparent 3 days after LNA injection, whereas those of LNA-miR-802-5p were most striking after 6 days, but differences in the pharmacokinetics of each LNA could be a factor.
We identified comparatively few low P value LNAresponsive mRNAs, which could result from a number of factors. First, miRNAs primarily act by mRNA destabilization via poly-A shortening (74) and translational repression (75) , and generally exert subtle repression of target mRNAs, typically less than twofold (21) , as was seen in our studies. Unless such repressive effects are amplified by feedback and feed-forward loops, subtle changes in mRNA levels will be observed and may not be effectively captured by RNA-seq; even if detected, variation in the extent of repression between individual mice may result in high P values. Second, the impact of miRNA inhibition often is not pronounced unless stress is applied. Here, miRNA inhibition was performed in mice given LNAs under native conditions, where loss of a single miRNA may be compensated by built-in redundancies in the sex-biased gene miRNA regulatory network. Nevertheless, the substantial enrichment of the LNA anti-miRNA targets for sex-biased mRNAs, and the major differences in the directionality of responsiveness of male-vs female-biased mRNAs to both LNA-miR-1948 and LNA-miR-802 (Fig. 5) provide strong support for our conclusion that both sex-biased miRNAs are functional in regulating sex-biased mRNA levels in mouse liver. Although downregulation of mRNAs by miRNAs is most common, miRNAs are also known to stabilize certain mRNAs via direct and indirect mechanisms (76) . The loss of such stabilization may explain why many female-biased mRNAs were downregulated by the miR-802 LNA antimiR in female liver, and, similarly, why many male-biased mRNAs were downregulated by the miR-1948 LNA antimiR in male liver.
The poor overlap between gene targets identified by LNA in vivo inhibition and the in silico predictions by TargetScan is not unexpected (45) and suggests that in vivo targets identified by inhibitory LNAs are not confined to mRNAs with 3 0 -UTR seed matches. This is consistent with the notion that many noncanonical mechanisms of miRNA targeting occur in animal cells. These include heterogeneity in miRNA 5 0 processing (57), which generates different miRNA isoforms with different seed sequences, as seen in our analyses (imperfect seed pairing, noncanonical binding sites located in 5 0 UTR, or exons that are outside of canonical 3 0 UTR, seedless interactions, indirect targets, and context-dependent targeting) (77) (78) (79) . Further, some of the miRNA targets identified here could be indirect targets, as suggested by our finding that 22 other miRNA sequences were dysregulated by LNA-miR-802-5p and 9 other miRNAs in the case of LNA-miR-1948-5p. Several biochemical methods have been developed to identify miRNA-mRNA interactions directly (e.g., crosslinking, ligation, and sequencing of hybrids), in which miRNA-mRNA interactions in Argonaute pull-downs are ligated and can be detected by sequencing the resultant chimeric reads (80) . Future studies may investigate the miRNA interactome in male and female liver to further characterize mRNA targets of miR-802-5p and miR-1948-5p, as well as those of the other sex-biased liver miRNAs that we identified (Table 2) .
While this manuscript was under review, a study was published identifying miR-1948 as male-biased and miR-802 as female-biased in expression in adult mouse liver; however, no functional or hormonal regulatory studies were reported (81) . miR-802-5p was much more abundant than miR-802-3p, consistent with our findings; however, miR-1948-5p and miR-1948-3p were similarly expressed, in contrast to the predominance of miR-1948-5p in our study. Conceivably, this discrepancy could result from age or strain differences; however, those details were not provided in (81) .
In conclusion, miR-802 and miR-1948 are sex-biased, GH/STAT5-regulated miRNAs that are functional in young adult mouse liver. The targets of these sex-biased miRNAs include many sex-biased mRNAs, with substantial enrichment for Cyps P450 and other mRNAs important for microsomal/endoplasmic reticulum-based metabolism. Although the majority of GH-responsive genes are regulated at the transcriptional level through the action of GH-dependent transcription factors that bind DNA at chromatin sites in a sex-biased chromatin state (46) , this study demonstrates that GH also exerts posttranscriptional control via sex-biased regulatory miRNAs, which may confer robustness to the complex network of sex-differentiated genes that underlie the widespread sex differences in liver metabolism and liver disease susceptibility (82) .
